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Rotavirus, a leading cause of severe gastroenteritis and diarrhoea in young children, accounts for around 215,000 deaths annually worldwide 1 . Rotavirus specifically infects the intestinal epithelial cells in the host small intestine and has evolved strategies to antagonize interferon and NF-κB signalling [2] [3] [4] [5] , raising the question as to whether other host factors participate in antiviral responses in intestinal mucosa. The mechanism by which enteric viruses are sensed and restricted in vivo, especially by NOD-like receptor (NLR) inflammasomes, is largely unknown. Here we uncover and mechanistically characterize the NLR Nlrp9b that is specifically expressed in intestinal epithelial cells and restricts rotavirus infection. Our data show that, via RNA helicase Dhx9, Nlrp9b recognizes short double-stranded RNA stretches and forms inflammasome complexes with the adaptor proteins Asc and caspase-1 to promote the maturation of interleukin (Il)-18 and gasdermin D (Gsdmd)-induced pyroptosis. Conditional depletion of Nlrp9b or other inflammasome components in the intestine in vivo resulted in enhanced susceptibility of mice to rotavirus replication. Our study highlights an important innate immune signalling pathway that functions in intestinal epithelial cells and may present useful targets in the modulation of host defences against viral pathogens.
Previous studies suggested that anti-rotavirus antibody isotype switching depends on Il-1β and Il-18 (ref. 6) , and that recombinant Il-18 prevents and resolves rotavirus infection 7 . However, the precise role of inflammasome signalling that mediates the maturation of these cytokines in the context of enteric virus infections is largely unknown. To directly interrogate whether inflammasomes participate in the restriction of enteric viruses, we orally inoculated suckling pups with mouse rotavirus. Notably, rotavirus infection potently induced caspase-1 (Casp1) p10 cleavage, indicative of inflammasome activation (Fig. 1a) . In addition, mice deficient in Asc or Casp1, two universal inflammasome components, exhibited higher viral loads in the small intestine, increased fecal shedding of viral antigens, and more frequent incidences of diarrhoea compared to their wild-type littermates ( Fig. 1b-d, Extended Data Fig. 1a ), suggesting that inflammasome signalling protects against rotavirus infection.
The heightened susceptibility of Asc −/− (also known as Pycard −/− ) mice to rotavirus infection implies a role of certain NLR(s) in this antiviral response. Therefore, we examined a panel of knockout mice deficient in Nlrp3, Nlrp6, Nlrc4 and Aim2, all of which are known to activate inflammasomes in the intestine [8] [9] [10] [11] . With the exception of Nlrp6, none of these strains had increased susceptibility to rotavirus infection comparable to Asc −/− or Casp1 −/− mice (Extended Data Fig. 1b, c) . Given that mouse rotavirus has a specific tropism for the small intestine 12 , we systemically examined the transcription levels of all NLRs by RNA sequencing of ileum intestinal epithelial cells (IECs). Interestingly, as well as Nlrp6, Nlrc4 and Naips 9,13-15
, we discovered a novel NLR termed Nlrp9b that has not yet been characterized (Fig. 2a) . Nlrp9b, but not the closely related Nlrp9a and Nlrp9c, was detected in different sections of the small and large intestines, highlighting its unique expression pattern 16 .
To functionally examine the potential anti-rotavirus role of Nlrp9b, we generated Nlrp9b −/− mice (Extended data Fig. 2c, d ). Nlrp9b −/− mice resembled Asc −/− and Casp1 −/− mice and also exhi bited elevated viral load in IECs, fecal antigen shedding, diarrhoea occurrence and more severe pathology compared to wild-type pups ( Fig. 2b-e) . Notably, loss of Nlrp9b did not affect normal gut homeo stasis (Extended data Fig. 2e, f) . 16S ribosomal DNA sequencing further indicated that the microbiota composition in Nlrp9b −/− mice was not different from that in wild-type mice (Extended data Fig. 2f ). Taken together, these findings strongly suggest that Nlrp9b, along with other inflammasome components, is e.m., Student's t-test, **P < 0.01, ***P < 0.001) (b) or rotavirus fecal antigen shedding (mean ± s.e.m., two-way ANOVA, **P < 0.01) (c) or diarrhoea duration and percentage of mice with diarrhoea (score ≥ 2) (χ 2 test, **P < 0.01, ***P < 0.001) (d), from rotavirus-infected wild-type (WT), Asc −/− and Casp1 −/− mice. Representative of three (a) or combined from three, two, and four independent experiments, respectively (b, c, d).
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We next isolated both IECs and intraepithelial lymphocytes (IELs) from lamina propria and found Nlrp9b expression only in the EDTA-dissociated fraction, consisting of 80-90% IECs and <20% IELs (Extended Data Fig. 3a) . A further separation using Villin-Cretomato + reporter mice (Extended Data Fig. 3b ) revealed that Nlrp9b and Il-18 were exclusively expressed in Villin-Cre-tomato + IECs (Fig. 2f, Extended Data Fig. 3c ). To definitively confirm an IEC-specific role of Nlrp9b, we generated conditional knockout mice with specific depletion of Nlrp9b in IECs (Nlrp9b ΔIEC ) (Extended Data Fig. 3d, e) . Paralleling whole-body Nlrp9b −/− mice, Nlrp9b ΔIEC mice were more susceptible to rotavirus infection compared to control (Nlrp9b fl/fl ) mice (Fig. 2g, h ). Likewise, Casp1
ΔIEC mice with Casp1 deletion in IECs also showed enhanced susceptibility to rotavirus infection compared to control (Casp1 fl/fl ) mice (Fig. 2i, j) . Taken together, these data strongly suggest that the Nlrp9b inflammasome functions only in IECs and restricts rotavirus infection.
To further dissect the molecular mechanisms underlying Nlrp9b protection against rotavirus infection, we examined the two downstream signals of inflammasome activation, the induction of pyroptosis and the secretion of Il-1β and Il-18. Consistent with previous publications 17, 18 , we found disruption of the IEC monolayer and induction of cell death (Extended Data Fig. 4) . Notably, rotavirus-induced IEC death at an early stage was largely dependent on Nlrp9b and Casp1 (Fig. 3a) , whereas Aim2 was critical for radiation-induced death 11 . Using a mouse intestinal organoid model, we also found that Il-18 secretion from rotavirus infection was noticeably reduced in the absence of Nlrp9b, Casp1/11 or Asc (Fig. 3b, Extended Data Fig. 5 ), suggesting that Nlrp9b accounts for both downstream events. By contrast, interferons (IFNs) and other pro-inflammatory cytokines were comparably expressed in wild-type and Nlrp9b
−/− mice after infection (Extended Data Fig. 5b, c) .
To assess the relative contribution of pyroptosis versus Il-18, we generated mice lacking gasdermin D (Gsdmd) (Extended Data Fig. 6a-d) , a central mediator of pyroptosis 19, 20 , and highly expressed in the small intestine (Extended Data Fig. 6e, f) . Notably, mice deficient in Gsdmd but not Il-18 displayed marked susceptibility to rotavirus infection compared to wild-type and Ifnar1 −/− mice (Fig. 3c, d ), previously shown to minimally restrict homologous rotavirus infection 21 . Moreover, we observed more robust rotavirus replication and reduced IEC death from Nlrp9b-, Casp1/11-and Gsdmd-deficient intestinal organoids (Fig. 3e, f) . In contrast, Nlrp9b deficiency had no effect on Salmonella infection (Fig. 3g) , highlighting its specific role in RNA virus infections. Collectively, our results support that Nlrp9b partners with adaptors Asc and Casp1 to assemble the inflammasome and mediate IEC pyroptosis to confine rotavirus replication.
We next performed in vitro experiments to examine how rotavirus infection triggers the Nlrp9b inflammasome. Using HEK293T cells reconstituted with Flag-tagged human NLRP9 and HA-tagged ASC, we observed an interaction between the two only during rotavirus infection (Fig. 4a) . Such binding was not detected for mouse Nlrp9b, probably owing to low expression. We hypothesized that rotavirus segmented double-stranded RNA (dsRNA) genome or other RNA byproducts during replication may activate cell-intrinsic innate immunity 22 . Indeed, despite the fact that the majority of rotavirus RNA is localized at the viroplasm 23 , we observed weak yet detectable levels of viral RNA in the cytoplasm during infection (Extended Data Fig. 7a ). This is consistent with previous observations 24 and suggests that rotavirus dsRNA might be recognized by and activate NLRP9. To this end, we performed assays to determine the ability of different sensors to bind to rotavirus RNA and found that NLRP9 co-precipitated with viral RNA more strongly than the controls NLRP6 and RIG-I (Fig. 4b) . Interestingly, as opposed to NLRP6, which preferably bound to high molecular weight poly(I:C), a long dsRNA mimetic 25 , and RIG-I, with an affinity for 5′-triphosphate RNA 26 , NLRP9 preferentially bound to short dsRNA 
Figure 2 | Nlrp9b deficiency results in increased susceptibility to rotavirus infection. a, RNA sequencing and qPCR analysis of indicated NLR expression. b, c, Viral loads (mean ± s.e.m., Student's t-test, ***P < 0.001) in ileum (b) and diarrhoea development (score ≥ 2) (χ 2 test, *P < 0.05, **P < 0.01) (c) or rotavirus fecal antigen shedding (mean ± s.e.m., two-way ANOVA, ***P < 0.001) (d) from wild-type (Nlrp9b +/+ ) and Nlrp9b-knockout (Nlrp9b −/− ) mice. e, Haematoxylin and eosin staining of rotavirus-infected ileal sections. f, qPCR analysis of gene expression in indicated cell populations. Fabp2, IEC marker; Cd45 (also known as Ptprc), haematopoietic marker. g-j, Viral loads in ileum (mean ± s.e.m., Student's t-test, **P < 0.01, ***P < 0.001) (g, i) and diarrhoea development (score ≥ 2) (χ 2 test, *P < 0.05) (h, j) in Nlrp9b
ΔIEC (Casp1 fl/fl Villin-Cre) mice (i, j). a, f, qPCR experiment representative of three independent experiments; b, c, combined from three independent experiments; d, g-j, combined from two independent experiments; e repeated twice. stretches, represented by low molecular weight poly(I:C) and weakly to 5′-triphosphate RNA (Fig. 4c) . Intestinal organoid and in vivo studies corroborated our conclusion that Nlrp9b is not involved in the control of encephalomyocarditis virus (EMCV) (Extended Data Fig. 7b ), which predominantly produces long dsRNA during infection 27 . We further tested whether Nlrp9b directly interacts with viral RNA. Although GST-tagged recombinant Dhx15 co-precipitated with biotinylated poly(I:C) as previously reported 25 , we did not observe any interaction for Nlrp9b (Fig. 4d) , suggesting the potential involvement of other RNA binding proteins. To identify such factors in an unbiased manner, we performed immunoprecipitation-mass spectrometry for Flag-tagged NLRP9 and biotin-labelled viral RNA, respectively, and identified RNA helicase Dhx9 as a common hit in both data sets. Importantly, NLRP9 co-precipitated with endogenous DHX9 upon rotavirus infection (Fig. 4e ) and the RNA-binding pattern of DHX9 also revealed a unique affinity for short dsRNA, similar to that of NLRP9 (Fig. 4c) . Functionally, small interfering RNA (siRNA) knockdown of DHX9 but not DHX15 or RIG-I impaired the RNA-binding ability of −/− and Casp1 −/− ileal sections. b, Il-18 secretion from rotavirus-or Salmonella-infected intestinal organoids (mean ± s.e.m., Student's t-test, **P < 0.01, ***P < 0.001). c, d, Viral loads (mean ± s.e.m., Student's t-test, ***P < 0.001) (c) and diarrhoea development (score ≥ 2) (χ 2 test, *P < 0.05, ***P < 0.001) (d) in
−/− and Ifnar1 −/− mice. e, Viral loads of rotavirus-infected organoids (mean ± s.e.m., Student's t-test, *P < 0.05). f, g, Cytotoxicity of rotavirus-or Salmonella-infected organoids (mean ± s.e.m., Student's t-test, *P < 0.05, **P < 0.01). a, e-g, Representative of three experiments; b, c, combined from two independent experiments; d, combined from three independent experiments. (Fig. 4g, Extended Data Fig. 8a) , and rotavirus-induced inflammasome formation (Extended Data Fig. 8b ), in support of the hypothesis that the host RNA helicase DHX9 serves as a direct RNA-binding protein that mediates NLRP9 recognition of viral RNA. Consistently, rotavirus-infected Dhx9-deficient intestinal organoids were defective in both pyroptosis and Il-18 production (Extended Data Fig. 8c-f) .
We next generated Flag-tag knock-in mice to study Nlrp9b regulation better (Extended Data Fig. 9a ). Whereas Nlrp9b protein levels increased at 12 h.p.i (Extended Data Fig. 9b) , Nlrp9b mRNA and protein levels decreased at 36 h.p.i. (Extended Data Fig. 9b, c) , probably owing to negative feedback loop. We also measured Nlrp9b expression in ileum and colon at different days after birth. Intriguingly, we observed an age-dependent increase in Nlrp9b and Asc expression, but not Nlrp3, Casp1 and Rig-I (Extended Data Fig. 9d ). Such a pattern was reported for Tlr3 (ref. 28) (Extended Data Fig. 9d ) and is particularly interesting as the upregulation of Nlrp9b and Asc levels coincides with the decreased susceptibility to rotavirus infection with age 29, 30 . Finally, we sought to examine a physiological relevance of NLRP9 in the human intestine. Compared to peripheral blood mononuclear cells and lamina propria lymphocytes, NLRP9 was only detected in the IEC fraction, whereas ASC and CASP1 were expressed in both populations (Extended Data Fig. 10a-c) . We further validated that both NLRP6 and NLRP9 are highly expressed exclusively in primary human IEC organoids but not transformed intestinal epithelial cell lines (Extended Data Fig. 10d ).
Using rotavirus infection as a model, our study comprehensively characterizes and functionally dissects the role of a novel NLR, Nlrp9b, with expression that is highly specific to IECs, in the host defence against enteric virus infection. Upon Dhx9 recognition of short dsRNA stretches, the Nlrp9b inflammasome is activated and promotes Il-18 release and Gsdmd-mediated pyroptosis. The latter is especially important for the host to restrict rotavirus replication by inducing premature death of infected IECs and maintaining intestinal homeostasis. Future studies on the Nlrp9b inflammasome regulation may enable the rational design of new therapeutics for infectious diseases.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
Letter reSeArCH

MethOdS
Mice. To generate Nlrp9b
−/− mice, exon 2 and part of exon 3 of the Nlrp9b gene were targeted by two sgRNAs using CRISPR-Cas9 technology (Extended Data Fig. 2c ). The deleted region contains the common translation-initiation codon ATG of two different isoforms. Genotyping of Nlrp9b −/− mice was performed using primers: 5′-TGGCTGACCTGGAACTCTCT-3′ and 5′-GCGTTACCAGGCTTTCTTTG-3′ for the wild-type allele; primers: 5′-GATCTCTGGCTGCCTCTGAC-3′ and 5′-CTTCCTCCAGTCATTGCACA-3′ for the targeted allele.
To generate Gsdmd −/− mice, exon 2 and part of exon 8 of the Gsdmd gene were targeted by two sgRNAs using CRISPR-Cas9 technology (Extended Data Fig. 6a) . Genotyping of Gsdmd −/− mice was performed using primers: 5′-TCCTGAGTGCTGGAGGAACT-3′ and 5′-TGAATAACGGGGTTTCCAGA-3′ for the wild-type allele; primers: 5′-TCCTGAGTGCTGGAGGAACT-3′ and 5′-CCTCTAAGGCTTCCATGCTG-3′ for the targeted allele; and primers: 5′-TCCTGAGTGCTGGAGGAACT-3′ and 5′-TGAATAACGGGGTTTCCAGA-3′ for mutations generated by 5′-sgRNA.
These two knockout mice were both generated on C57BL/6N background, originally obtained from NCI.
To generate Nlrp9b-floxed mice, Nlrp9b-tm1a (KOMP) Wtsi ES cells (JM8A agouti) were purchased from and analysed by KOMP. Then ES cells were microinjected into C57BL/6 blastocysts. Chimaeric offsprings were backcrossed to C57BL/6 mice, and germline transmission was confirmed by PCR of tail genomic DNA. Founder mice were then crossed to Flpo mice to deplete the FRT-Neo-FRT cassette to generate Nlrp9b-floxed pups (Extended Data Fig. 3d ). Genotyping of Nlrp9b-floxed mice was performed using universal primers 5′-ACAACCAACTGAGGGTCTGG-3′ and 5′-CACCTGATG CAGGTTTTCCT-3′, with amplicons of a 615-bp product from the wild-type allele, and a 770-bp product from the targeted allele. −/− mice were purchased from the Jackson Laboratory. Age and sex-matched C57BL/6 (CD45.2) mice from the National Cancer Institute were used as wild-type controls where indicated. Mice used in this study were on a C57BL/6 background. Mice were specific pathogen-free, maintained under a strict 12 h light cycle (lights on at 07:00 and off at 19:00), and given a regular chow diet (Harlan, diet 2018) ad libitum. All protocols used in this study were approved by the Yale Institutional Animal Care and Use Committee.
One set of experiments using wild-type C57BL/6, Asc −/− and Casp1 −/− mice were conducted at Veterinary Medical Unit of Palo Alto VA Health Care System (PAVAHCS). The Institutional Animal Care Committee at the VAPAHCS approved these studies. Human subjects. Informed consent was obtained from all human subjects enrolled in the study for biopsy sampling per protocol approved by the institutional review board at Yale University. Biopsies were obtained from the descending colon of four individuals undergoing screening colonoscopy. The experiments in this study involving human intestinal organoids (from two individuals) does not require submission to the Institutional Review Board at Stanford University because it does not contain individually identifiable private information. Reagents. ELISA kits were purchased from eBioscience (mouse IL-18, mouse IL-1β, and mouse IFN-λ), and PBL (mouse IFN-β). Antibody pairs for ELISA detection of cytokines were purchased from BD Pharmingen (IFN-γ, IL-6) or from eBioscience (TNF).
Plasmids: human NLRP9 was cloned from colon biopsy cDNA, mouse AIM2, and ASC were cloned from intestine tissue cDNA, tagged with Flag or HA, and then inserted into a pcDNA3.1 vector. Flag-tagged NLRP3, NLRP6 and RIG-I were described previously 25 . Tunnel kit for the in situ staining of intestinal epithelial cell death was purchased from Roche. Annexin V/7-AAD staining kit was purchased from eBioscience.
Cell culture: HEK293T (ATCC CRL-3216), HEK293 (ATCC CRL-1573) and Caco-2 (ATCC HTB-37) cells were cultured in DMEM with 10% FBS; HT-29 (ATCC HTB-38) cells were cultured in DMEM supplemented with F12 nutrients with 10% FBS. THP-1 (ATCC TIB-202) cells were cultured in RPMI medium with 10% FBS. These cell lines are not listed in the database of commonly misidentified cell lines maintained by ICLAC, and not authenticated or tested for mycoplasma contamination. Virus infections. Rotavirus EW is a non-cell culture-adapted wild-type murine rotavirus strain. EW stock virus was prepared by infecting 5-day-old B6 mice, and harvesting crude centrifugation-clarified intestinal homogenate as previously described 36 . The virus titration of EW was expressed as 50% diarrhoea dose (DD 50 ) defined as the highest dilution that causes diarrhoea in 50% of suckling B6 mice 37 .
For all rotavirus infection except indicated elsewhere, 8-day-old wild-type mice, or genetically deficient mice were orally inoculated by gavage with 1 DD 50 EW virus in 50 μl PBS. The appearance of diarrhoea was monitored over time by changes in colour and consistency of feces. Stool samples were collected at different time points post inoculation. Fecal rotavirus antigen shedding was measured by ELISA assay as previously described 38 . At 5 days after infection, mice were killed and small intestine collected. EW in intestinal tissues were detected by RT-qPCR using a TaqMan assay based on rotavirus gene 11 (NSP5) sequences as previously described 39 . To monitor pyroptosis induction and Nlrp9b regulation during rotavirus infection, 8-day-old wild-type or Nlrp9b Flag-tagged mice were orally inoculated by gavage with 100 DD 50 EW virus in 50 μl PBS, and intestinal tissues were harvested for TUNEL staining at 1.5-2 days after infection or western blot.
For all rotavirus infection experiments, diarrhoea was documented, and fecal and tissue samples were collected and measured in a double-blinded manner. The percentage and severity of diarrhoea among the littermates during the course of infection was recorded as previously described 40 . In brief, diarrhoea was scored on the basis of colour, consistency and amount, and numbered as follows: 0 = normal; 1 = pasty; 2 = semi-liquid; 3 = liquid, and consider score ≥ 2 as diarrhoea. Fecal specimens were collected into pre-weighed eppendorf tubes and stored at -80 °C.
Transfected HEK293T cells were infected with human rotavirus WA strain (MOI = 2) for 6 h (Fig. 4a ) or 16 h (Fig. 4b ) before collection for immunoprecipitation and western blot analysis.
EMCV (VR-129B) was purchased from American Type Culture Collection (ATCC) (Manassas, VA20110 USA). This method was previously described in ref. 25 . Isolation of epithelial cells and lymphocytes in the intestine. Small intestines were excised and flushed thoroughly three times with PBS. They were opened longitudinally, transferred into HBSS with 2 mM EDTA, and shaken for 20 min at 37 °C. Supernatants were collected and the intestine washed 3 times with PBS. Supernatants were collected through a 100-mm cell strainer to get single-cell suspensions. Cells were collected as the IEC fraction. When Villin-Cre-tomato reporter mice were used, tomato-positive cells (IECs) and CD45.2-positive cells (IELs) were sorted. The lamina propia was then digested for 45 min at 37 °C with digestion solution (DMEM containing 2% FCS, 1 mg ml −1 collagenase, and 0.5 mg ml −1 DNaseI). Single-cell suspensions were obtained by grinding through a 100 mm cell strainer and then subjected to percoll gradient isolation. The interface cells were aspirated and spun down as LPL cells. The same approach was used with human colon biopsies to separate IEC fraction and lamina propria fraction. Mouse intestinal epithelial cell (IEC) organoid culture. IntestiCult Organoid Growth Medium (Mouse) (STEMCELL, cat. 06005) was use for the establishment and maintenance of mouse intestinal organoids. Mice were killed according to approved institutional guidelines and approximately 15 cm small intestine was harvested from each mouse. The intestine was flushed gently with cold PBS and cut into 2 mm segments. A 10 ml serological pipette was used to wash the intestinal pieces by pipetting up and down 3 times. Then intestinal pieces settled by gravity and supernatant was removed. This wash procedure was repeated until supernatant was clear. Next, the supernatant was removed and intestinal pieces were suspended in 20 ml Gentle Cell Dissociation Reagent (STEMCELL, cat. 07174) in a shaker at 20 r.p.m. for 15 min at room temperature. Then supernatant was removed and the intestinal pieces were suspended in 10 ml cold PBS + 0.1% bovine serum albumin (BSA). The supernatant was removed and passed through a 70-μm filter into a 50 ml conical tube. This step was repeated for additional three times to generate four fractions. Then the specific fraction that was enriched for intestinal crypts was centrifuged at 290g for 5 min at 4 °C. The supernatants were discarded and each pellet was suspended in 10 ml of cold PBS + 0.1% BSA. The suspension was transferred to a 15 ml conical tube and centrifuged at 200g for 3 min at 4 °C. Then the supernatants were discarded and each crypt pellet was resuspended in 10 ml cold DMEM/F12. The quality of the suspensions was assessed by using an inverted microscope. The crypts were aliquoted into 15 ml conical tubes in volumes containing 20-50 crypts for each dome and centrifuged at 200g for 5 min at 4 °C. Then the supernatant was discarded and 150 μl complete IntestiCult Organoid Growth Medium at room temperature was added to each pellet. Next, 150 μl undiluted Matrigel Matrix was added to each tube and pipetted up and down to suspend the pellet. Then 50 μl suspension for each dome was pipetted into 24-well plate. These samples formed domes in the middle of each well. Next, the plate was incubated at 37 °C for 5-10 min until the Matrigel was solidified. Finally, 750 μl of complete IntestiCult Organoid Growth Medium at room temperature was added to each well and incubated at 37 °C and 5% CO 2 . The culture medium was exchanged every 3 days.
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Mouse IEC organoid infection by rotavirus and Salmonella. Organoids were treated with LPS (1 μg μl −1 ) for 3 h and were dissociated by 1 ml warm TrypLE Express (Gibco, 12604013) for 5 min. After pipetting up and down 20 times, the suspension was centrifuged at 290g for 5 min. Then the supernatant was discarded and the pellets was resuspended in 1 ml DMEM/F-12 containing rotavirus (5 × 10 5 DD 50 , an estimated MOI of 5) or Salmonella (an estimated MOI of 10) and incubate at 37 °C for 1 h. After a spin down at 290g for 5 min, the supernatant was discarded and the pellets were resuspended with 200 μl complete IntestiCult Organoid Growth Medium. After an incubation of 3 h, the supernatant and cells were subjected to analysis of ELISA, qPCR and LDH release assay. Human IEC organoid culture. Primary human intestinal organoids were provided by C. J. Kuo (Stanford University). Culturing methods were similar to a previous publication 41 . In brief, 3D culture of IEC organoids in Matrigel (Trevigen) was maintained in advanced DMEM/F12 media supplemented with epidermal growth factor, noggin, R-spondin, Wnt3A, nicotinamide, gastrin I, SB202190, B27, N2 and acetylcysteine. For measurement of NLRP9 and other gene expression, IEC organoids were harvested for RNA extraction followed by RT-qPCR analysis. Relative gene expression analysis. Tissues were preserved in RNAlater solution (Life Technologies) and subsequently homogenized in Trizol reagent (Life Technologies). Cells subjected to FACS were resuspended in Trizol reagent. RNA was purified according to the manufacturer's instructions. One microgram of total RNA was used to generate cDNA with Superscript III (Life Technologies). RT-PCR was performed using gene-specific primer/probe sets (Applied Biosystems) and Kapa Probe Fast qPCR kit (Kapa Biosystems) on a 7500 Fast Real Time PCR instrument (Applied Biosystems). Data were analysed using the Sequence Detection Software according the ΔC t method. All results were normalized to Hprt or Gapdh quantified in parallel amplification reactions. Immunoprecipitation and western blot analysis. HEK293T cells transfected with different combinations of plasmids were harvested and resuspended in 1 ml ice-cold Pierce IP buffer (87787) containing protease inhibitors (Complete Mini EDTA-free, Roche and PMSF) and phosphatase inhibitor (NaF and NaVO 3 ). Cells were lysed for 30 min at 4 °C and lysates were spun for 30 min at maximum speed at 4 °C. 20-40 μl anti-Flag M2 beads (Sigma, M8823) were added to the cell lysate and incubated overnight. Beads were washed five times with immunoprecipitation buffer and, finally, bound proteins eluted by boiling in loading buffer. Samples were separated on 4-12% Tris-Bis gels (Life Technology) and transferred onto PVDF membranes (Whatman). Western blot analysis was performed using antibodies against Flag (Sigma, F1804 or F7425), HA (Sigma, H3663 or Abcam, ab9110), Casp1 p10 (Santa Cruz, sc-514), DHX9 (Abcam, ab26271), DHX15 (Abcam, ab70454 or ab13311), Casp3 p17/p19 (Cell Signaling, 9661), LC3 (Cell Signaling, 2775), or β-actin (Sigma, A1978).
Statistical analysis. The sample size chosen for our animal experiments in this study was estimated based on our prior experience of performing similar sets of experiments. All animal results were included and no method of randomization was applied. For all the bar graphs, data were expressed as mean ± s.e.m. Statistical analyses were performed using GraphPad Prism 6. Survival curves were analysed using a log-rank (Mantel-Cox) test. Diarrhoea incidence was calculated using chi-square test. Fecal antigen shedding was analysed using a two-way ANOVA test. For other data, a standard two-tailed unpaired Student's t-test or paired Student's t-test was performed using GraphPad Prism 6. To compare two non-parametric data sets, a Mann-Whitney U-test was used. P values ≤ 0.05 were considered significant. The sample sizes (biological replicates), specific statistical tests used, and the main effects of our statistical analyses for each experiment were detailed in each figure legend. Data availability statement. The data that support the findings of this study are available from the corresponding author upon reasonable request. RNA-seq data sets have been deposited in GEO under the accession number GSE98388. 
